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ABSTRACT
We present an analysis of a short NuSTAR observation of the stellar-mass black hole and low-mass
X-ray binary 4U 1630−472. Reflection from the inner accretion disk is clearly detected for the first
time in this source, owing to the sensitivity of NuSTAR. With fits to the reflection spectrum, we find
evidence for a rapidly spinning black hole, a∗ = 0.985
+0.005
−0.014 (1σ statistical errors). However, archival
data show that the source has relatively low radio luminosity. Recently claimed relationships between
jet power and black hole spin would predict either a lower spin or a higher peak radio luminosity.
We also report the clear detection of an absorption feature at 7.03± 0.03 keV, likely signaling a disk
wind. If this line arises in dense, moderately ionized gas (log ξ = 3.6+0.2
−0.3) and is dominated by He-like
Fe XXV, the wind has a velocity of v/c = 0.043+0.002
−0.007 (12900
+600
−2100 km s
−1). If the line is instead
associated with a more highly ionized gas (log ξ = 6.1+0.7
−0.6), and is dominated by Fe XXVI, evidence
of a blue-shift is only marginal, after taking systematic errors into account. Our analysis suggests the
ionized wind may be launched within 200–1100 Rg, and may be magnetically driven.
Subject headings: accretion, accretion disks – black hole physics – X-rays: binaries – stars: winds,
outflows
1. INTRODUCTION
Direct observations of the most powerful outflows are
key to advancing our understanding of the mechanisms
that launch and drive them, and also how these winds
influence galactic environments. Though active galac-
tic nuclei ultimately have the most powerful outflows in
the Universe (e.g., Allen et al. 2006), stellar-mass black
holes operate on time-scales that are easier to study (e.g.
King et al. 2012). Studies of such sources can further
our understanding of these powerful outflows not only
on stellar scales but on galactic scales as well.
In stellar-mass black holes, winds and jets appear to
be anti-correlated and associated with particular X-ray
spectral states (Miller et al. 2006, 2008; Neilsen & Lee
2009; Ponti et al. 2012). Highly ionized X-ray winds
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are found in luminous and spectrally soft states (see
Chakravorty et al. 2013, for a theoretical exploration of
the thermodynamical stability of these winds as a func-
tion of spectral state). Conversely, relativistic jets, de-
noted by radio emission, are found in the spectrally hard
states. It is not yet fully understood how they are related,
e.g. whether one outflow quenches the other. However,
jets and winds do appear to be regulated in a similar
fashion and possibly by the same mechanism (King et al.
2013b). In fact, in terms of their energetics, the highest
velocity outflows resemble jets more so than they resem-
ble slower velocity winds. Therefore, by examining winds
in X-ray binaries, disks, winds, and jets can be studied,
with implications across the black hole mass scale.
4U 1630−472 is a recurrent black hole X-ray binary:
outbursts have been observed dating back to 1969 (see,
e.g., Kuulkers et al. 1997). It lies close to the Galactic
plane, behind a large neutral column (NH ≃ 10
23 cm−2;
e.g., Parmar et al. 1995). This has prevented optical
studies that could constrain the mass of the primary.
The evidence that 4U 1630−472 harbors a black hole
is circumstantial, but compelling. Its X-ray spectral and
timing properties are broadly typical of black hole sys-
tems (e.g., Barret et al. 1996; Abe et al. 2005). Indeed,
the best evidence may come from its high–frequency
timing features, which include quasi-periodic oscillations
(QPO’s) at frequencies up to 262.2 Hz (Klein-Wolt et al.
2004).
Prior observations of 4U 1630−472 establish that it is
likely viewed at a high inclination. In particular, flux dips
have been detected with RXTE (Tomsick et al. 1998;
Kuulkers et al. 1998), indicating a line of sight that in-
tersects the outer accretion disk. However, full eclipses
are not observed, implying a high, but not edge-on in-
clination (∼ 70◦, comparable to GRO J1655−40, which
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exhibits similar behavior, Orosz & Bailyn 1997).
4U 1630−472 has been elusive when it comes to re-
flection features. Disk reflection spectra, including Fe
K emission lines, are a natural consequence of any ge-
ometry in which the accretion disk is illuminated by an
external source of hard X-rays. Relativistically broad-
ened Fe K lines are therefore a hallmark of black hole
accretion (for a review, see Miller 2007). Yet, such fea-
tures have not been clearly detected in 4U 1630−472
in past observations, though evidence for narrow fea-
tures has been detected. Using low–resolution RXTE
data, for instance, Cui et al. (2000) reported evidence
of Doppler-split Fe K emission lines. Also using RXTE
data, Tomsick & Kaaret (2000) reported the detection of
a neutral Fe K line in a spectrum with low flux. Finally,
Kubota et al. (2007) reported detections of Fe Kα ab-
sorption features associated with Fe XXV and Fe XXVI.
Finally, 4U 1630−472 has shown unresolved ra-
dio emission indicating the production of a jet
(Hjellming et al. 1999; Trigo et al. 2013). However, in
observations by Hannikainen et al. (2002), it has also
been radio quiet, even in the canonical low/hard state
where jet production is thought to be prevalent.
In this Letter, we present a NuSTAR observation of
4U 1630−472, in which we detect both a broad iron emis-
sion line and a highly ionized outflow. We first describe
the observations and analysis of these data using phe-
nomenological models, and then proceed to physically
self-consistent models of both the reflection and absorp-
tion features. All errors are 1σ unless otherwise specified.
2. OBSERVATIONS
NuSTAR (Harrison et al. 2013) observed 4U 1630−472
on UT 2013 February 21, with an exposure time of 14.7 ks
(ObsID 40014009). The data were processed using the
nustardas version 1.1.1 and the 2013 May 9 version of
CALDB. The spectra were extracted with the standard
pipeline using an extraction region of 40′′ for both focal
plane modules A and B (FPMA/B). This relatively small
extraction region avoids stray light from a nearby source.
The background spectra were extracted with a similar
sized extraction region in an area that avoided both the
incident stray light and X-rays from the source itself. The
data were binned with a minimum of 20 counts per en-
ergy bin using grppha (ftools, v6.13 Blackburn 1995).
The spectra were fit between 3−79 keV using Xspec,
v12.8.0 (Arnaud 1996).
3. ANALYSIS
The flux and luminosity were derived using a canoni-
cal power-law and disk blackbody, modified by interstel-
lar absorption (using TBabs; Wilms et al. 2000). The
results of this fit are given in Table 1 and the residuals
are shown in Figure 1. The data show residual features,
indicating that the spectrum is not fully described by the
fiducial model. In particular, there is a deep absorption
feature at 7 keV and two broad emission components:
one at low energy (E∼6 keV) and one at higher energy
(E∼20 keV). If we replace the powerlaw model with a
more physical Comptonisation continuum, e.g. nthComp
(e.g., Z˙ycki et al. 1999), linking the seed photon tem-
perature to that of the disk, the observed residuals are
unchanged, but see section 3.1.
The source was in a “intermediate” state with an ab-
sorbed 2−10keV flux of 5.9×10−9ergs cm−2 s−1, and an
unabsorbed flux of 1.2×10−8ergs cm−2 s−1 (the prelim-
inary model was extended to 2 keV, out of the range of
the NuSTAR band). This corresponds to a 2-10 keV
luminosity at 10 kpc (Augusteijn et al. 2001) of L =
1.4× 1038ergs s−1.
To better fit the data, we now include both the con-
tribution from relativistic disk reflection model (Sec-
tion 3.1), and photoionized absorption (Section 3.2).
3.1. Disk Reflection
To model the broad residuals at both 6 keV and 20 keV,
we utilized the reflection model, refbhb (Ross & Fabian
2007; Reis et al. 2008), which is designed specifically for
use with Galactic binaries, convolved with a relativistic
blurring kernel relconv (Dauser et al. 2010), assuming
solar abundances. We link the illuminating photon in-
dex (Γ) to that of the Comptonized continuum, nthComp,
which in turn has its seed photon temperature (kTBB) set
to that of the blackbody temperature of refbhb. Follow-
ing Wilkins & Fabian (2011) and Fabian et al. (2012),
we assume a broken powerlaw for the radial emissivity
profile, with the outer emissivity index set to the New-
tonian approximation (qout = 3). The additional free
parameters for the reflected emission are the inner emis-
sivity index (qin), the break radius (RBr), the disk incli-
nation (θ), density (HDen), the dimensionless black hole
spin (a∗ ≡
cJ
GM2
), the ratio of the illuminating and disk
fluxes (at the disk surface; Illum/BB), and the overall
reflection normalization.
With this model, we find the Fe line in 4U 1630−472
to be partially ionized with log ξ = 2.9 ± 0.2, while the
system has a spin and inclination of a∗ = 0.985
+0.005
−0.014
and θ = 64+2
−3 degrees, respectively. Although to some
extent these constraints are model dependent, and the
uncertainties quoted here are purely statistical, studies
that have investigated a variety of modeling assump-
tions for other rapidly rotating black holes have gener-
ally shown the high spin values obtained to be robust
(e.g. Reis et al. 2012; Walton et al. 2012; Tomsick et al.
2013). Indeed, if we replace refbhb with reflionx and
any standard accretion disk model, we obtain the same
spin. Furthermore, recent MHD simulations suggest that
emission from inside the innermost stable circular orbit
(ISCO) should be negligible (Reynolds & Fabian 2008),
supporting the assumption that the disk truncates at the
ISCO, which is fundamental to spin measurements.
We show the change in the goodness of fit (∆χ2) for
the spin with the refbhb model in Figure 2. When
the model is allowed sufficient freedom it appears as
though there are low (retrograde) spin solutions that are
also marginally acceptable. However, these solutions re-
quire very steep inner emissivity profiles, which are likely
unphysical for such low spin values (Wilkins & Fabian
2011). We therefore also show in Figure 2 the change in
the goodness of fit (∆χ2) obtained below a∗ = 0.5 when
limiting the emissivity following Steiner et al. (2012)
(dashed line), demonstrating that low spin solutions are
firmly rejected on physical grounds.
With previous radio ATCA and VLA observations de-
scribed in Hjellming et al. (1999) and our spin measure-
ment, we can place 4U 1630−472 in the context of cur-
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rent spin-jet predictions. Narayan & McClintock (2012)
and Steiner et al. (2013) report a correlation between
the maximum outburst radio luminosity in X-ray bi-
naries and spin: PJet ∝ a
2
∗. Assuming a distance of
10 kpc, mass of 10 M⊙, and the maximum observed
radio flux density (2.6mJy at 5 GHz, Hjellming et al.
1999), the jet power as defined in Steiner et al. (2013)
is Pjet = 1.5 GHz Jy kpc M
−1
⊙ (assuming a Doppler fac-
tor of 2). This puts 4U 1630−472 more than an order of
magnitude below the relation predicted by Steiner et al.
(2013), using our measured spin of a∗ = 0.985. Con-
versely, 4U 1630−472 would require a spin of a∗ ≈ 0.25
to agree with the relation given by Steiner et al. (2013).
This is 4σ discrepant from our current measurements us-
ing the change in goodness of fit (∆χ2 = 16) for one
degree of freedom (dof). A larger distance might rec-
oncile the jet power prediction, but the X-ray luminosity
would then exceed the Eddington limit for a 10M⊙ black
hole. However, we note that the radio sampling was only
every 3 days, so it is possible the true radio peak was
missed.
3.2. Absorption in a Disk Wind
When the data are fit only with the reflection contin-
uum with Galactic absorption, the resulting chi-squared
is χ2/ν=1465/1091 (see panel 3 of Figure 1). In-
cluding a Gaussian absorption line (gabs), we obtain
an improvement of ∆χ2 = 229 for 3 degrees of free-
dom (χ2/ν=1255/1088). We find the line is detected
at a 7.25σ confidence level using an F-test. The line
is centered at 7.03±0.03 keV, with a width of σ =
0.09 ± 0.06 keV (3800±2500 km s−1)and an equiva-
lent width of 29+5
−4 eV. Associating the line with Fe
XXVI (6.97 keV), we find a blue-shifted velocity of
v = 0.0086± 0.0043 c (2600±1300 km s−1). This is just
barely above the systematic centroiding uncertainty of
NuSTAR (0.02 keV at this energy), providing only ten-
tative indication of an outflow. If instead we associate
the line with Fe XXV (6.70 keV), we find a blue-shifted
velocity of v = 0.049± 0.005 c (14600±1500 km s−1).
In addition to a single Gaussian, we also tested a com-
bination of two narrow lines. The intrinsic energies of the
two lines were fixed at the rest frame energies of Fe XXV
and FeXXVI, and we required them to have a common
outflow velocity. The line widths were also linked so that
both lines had the same relative broadening. However,
two lines (Fe XXV and Fe XXVI) are not statistically
favored over one line.
After the initial fits with a simple Gaussian, we uti-
lized more self-consistent, photoionization models with
two XSTAR grids (Kallman & Bautista 2001). The ini-
tial grid was created assuming solar metallicity, the spec-
tral energy distribution derived from the broadband con-
tinuum (unabsorbed powerlaw plus disk black body from
3–79 keV), and a constant gas density of n = 1015cm−3
(X-ray wind densities range from 1013cm−3 to 1017cm−3,
e.g., Miller et al. 2008, 2013). The ionizing luminosity
was set at Lion=10
38ergs s−1, while the turbulent ve-
locity was set to 300 km s−1, which is typical of winds
from other stellar-mass black holes. The second grid had
the same parameters except the density was decreased
to 1012cm−3 to explore the role of density in the fits.
The ionization, column density and velocity shift were
all allowed to vary.
The best fit model utilized the 1015cm−3 XSTAR grid
(χ2/ν = 1237/1088), and the parameters obtained are
given in Table 2. As shown in Figure 3, the ionization
parameter, ξ, has several local minima in the goodness
of fit ∆χ2 distribution. These minima are dependent on
whether Fe XXV or Fe XXVI is predominantly associ-
ated with the 7 keV feature. This is determined by the
strength of the optical depth of these lines in the XS-
TAR grids. If the 7 keV feature is associated with Fe
XXV, this corresponds to the lowest trough in Figure 3
(log ξ = 3.6+0.2
−0.3 for n=10
15cm−3), and an ultra-fast out-
flow, v/c = 0.043 (12900 km s−1) is implied. If instead
the 7 keV feature is better associated with Fe XXVI,
only a marginal blue-shift is required and the gas has an
ionization of log ξ = 6.1+0.7
−0.6.
With a single broad feature and no direct density di-
agnostic, it is difficult to uniquely constrain all aspects
of the wind. Using XSTAR, we investigated the effect
of a much lower density, e.g. 1012 cm−3 (as assumed in
a wind component by Neilsen & Homan 2012). As ex-
pected, a gas with a lower density will be more highly
ionized, but will still be dominated by Fe XXV for all of
the troughs seen in Figure 3. Conversely, a higher density
(Kallman & Bautista 2001) or increase in Fe abundance
(King et al. 2012) would lower the ionization for a given
strength of a particular line species.
Previous work by Kubota et al. (2007) find resolved Fe
XXV and Fe XXVI at 6.7 keV and 7 keV, respectively,
at approximately an ionization of log ξ ≈ 4.6. However,
the Kubota et al. (2007) observations indicate a lower
velocity shift and have a lower ionizing flux. Our higher
ionizing flux hints to the high ionization models being
a more physical interpretation of our data. This is also
supported by the fact that the tentative velocity implied
by the high ionization (log ξ = 6.1+0.7
−0.6) is closer to the
line shifts observed by Kubota et al. (2007).
We can roughly estimate the mass outflow rate if
we assume a modified spherical outflow: M˙wind =
Ωµmpnr
2v = ΩµmpLionv/ξ, where Ω is the opening an-
gle (assumed to be 2pi), µ is the average weight of the gas,
mp is the mass of a proton, and we used ξ = Lion/nr
2 to
convert the radius and number density to direct observ-
able quantities (Lion, ξ). We find that the mass outflow
rate is 5×1020g s−1 (M˙wind/M˙acc = 400) for an ioniza-
tion of log ξ = 3.6+0.2
−0.3 and 5× 10
17g s−1 (M˙wind/M˙acc =
0.4) for an ionization of log ξ = 6.1+0.7
−0.6. Ponti et al.
(2012) show in their figure 4 a relation between wind out-
flow rates and Eddington fraction. Neither of our mass
outflow rate estimates fall on this relation, though we can
not rule out an intermediate ionization and velocity that
would bring the mass outflow rate closer to the relation
given by Ponti et al. (2012). The only other outlier in
this relation is GRO J1655−40, which is likely magneti-
cally driven (Miller et al. 2008; Neilsen & Homan 2012),
while the other winds are thought to be Compton heated.
Though the mass accretion rate of 4U 1630−472 may
not agree with other BHB, its high inclination is con-
sistent with BHB X-ray winds being equatorial (e.g.,
Miller et al. 2008; Ponti et al. 2012).
4 A. L. King et al.
4. DISCUSSION
In this Letter, we have analyzed an early 14.7 ks NuS-
TAR observation of 4U 1630−472 to determine the key
properties of this well-known accreting X-ray binary. We
have found this source to be in a intermediate state dom-
inated primarily by the accretion disk, but also display-
ing a hard Comptonized tail and clear reflection features
from the inner disk. This is the first time such features
have unambiguously been seen in this source. The re-
sulting spin measurement indicates that the black hole
is rapidly spinning: a∗ = 0.985
+0.005
−0.014 (1σ statistical er-
rors). In addition, we found clear evidence for ionized
absorption at 7.03 keV. Through photoionization model-
ing with XSTAR, we find that the absorbing material is
highly ionized.
We cannot unambiguously determine the nature of
this outflow, given a single spectral feature and modest
spectral resolution, but the possibilities are extremely
interesting. The outflow may represent an ultra-fast
outflow. If this is correct, the wind could be even
more extreme than that detected in the black hole can-
didate IGR J17091−3624 (King et al. 2012), and may
be analogous to the flows detected in e.g. PDS 456
(Reeves et al. 2003). Alternatively, the disk wind may
have a much lower velocity but originate very close to
the black hole. The outflow may originate as close as
200 RG < R < 1100 RG based on ionization, suggest-
ing that the disk wind is arising from the inner accre-
tion disk. In X-ray binaries, winds can be launched ei-
ther by radiative, thermal or magnetic processes. At
such high ionizations, line driving becomes inefficient
(Proga et al. 2000), making it an unlikely mechanism.
In addition, thermal driving is only efficient in the outer
accretion disk (Woods et al. 1996). Therefore, a mag-
netically driven wind is the most likely launching mech-
anism (e.g, Blandford & Payne 1982), as also suggested
by Kubota et al. (2007) and similar to GRO J1655−40
(Miller et al. 2008).
Ionized absorption has also been previously observed
in 4U 1630−472. In 2000, Cui et al. (2000) previously re-
ported the presence of 2 Fe K lines based on RXTE data.
However, in view of our results, the putative Doppler-
split line pair is probably best understood in terms of a
single relativistic emission line, with absorption features
superimposed. Whereas RXTE lacked the resolution to
accurately decompose the observed spectrum, this situ-
ation is very clear with NuSTAR.
More recently, Kubota et al. (2007) detected two ab-
sorption features at 6.73 keV and 7.0 keV in six Suzaku
observations of 4U 1630−472 taken between 2006 Febru-
ary 8 and March 23. During their six observations the
ionization decreases as indicated by the decreasing ratio
of line strength between the Fe XXV and Fe XXVI. Our
observation either suggests a higher ionization at similar
outflow velocity, or a lower ionization but with a higher
outflow velocity.
Finally, if our spin measurement and current proxies
for jet power are both correct, the radio emission from
4U 1630−472 is too weak to agree with current spin-jet
relations reported by Steiner et al. (2013). It is likely
that other aspects of the accretion flow are also respon-
sible for the ultimate magnitude of the jet power, as sug-
gested by King et al. (2013a) and Tomsick et al. (2005).
Observations across other wavelengths, including radio,
will be needed to follow the evolution of this source and
its outflows in the future.
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TABLE 1
Initial continuum parameters
Γ powerlaw norm kTBB DiskBB norm NH FPMA/FPMB χ
2/ν
(photons keV−1cm−2s−1) (keV) (1022cm−2) cross norm
2.09±0.04 0.20+0.03
−0.02 1.450±0.003 198±3 8.09±0.07 0.990±0.002 1945.13/1097
Note. — The χ2/ν=1945.13/1097=1.77. There are clear indications of a broad Fe Kα line with Compton reflection at high
energies, as well as a strong absorption feature at approximately 7 keV. See Figure 1.
TABLE 2
Parameters for the best fit model for n=1015 cm−3
Model log ξ = 3.6 log ξ = 6.1
Parameters
NH (10
22cm−2) 8.0+0.2
−0.3 8.1
+0.2
−0.3
FPMA/FPMB 0.990±0.002 0.990±0.002
Γ 1.92+0.03
−0.15 1.92
+0.04
−0.06
kTBB (keV) 1.02±0.01 1.02
+0.01
−0.02
nthComp Norm (×10−3) 2.0+3.5
−2.0 2.0
+1.4
−2.0
qin 10.0
⋄
−0.7 10.0
⋄
−0.4
qout 3.0* 3.0*
RBr (RG) 2.7
+0.2
−0.1 2.7
+0.2
−0.1
a∗ 0.985
+0.005
−0.014 0.985
+0.003
−0.010
θ (◦) 64+2
−3 64±2
HDen (10
21cm−3) 4.8+0.7
−1.3 4.7
+0.8
−1.2
Illum/BB 0.18+0.01
−0.08 0.18±0.05
log ξREFBHB 2.9±0.2 2.9±0.3
REFBHB Norm 0.15+0.01
−0.09 0.15±0.03
NH;xstar (10
22cm−2) 2.4+0.7
−0.9 93
+7 ⋄
−45
log ξxstar 3.6
+0.2
−0.3 6.1
+0.7
−0.6
zxstar 0.043
+0.002
−0.007 0.014
+0.002
−0.005
vxstar (km s−1 ) 12900
+600
−2100 4200
+600
−1500
χ2/ν 1237/1088 1250/1088
Note. — These are the best fit parameters when including both reflection and the XSTAR photoionization model (vturbulence=300 km s
−1,
n = 1015 cm−3). The best fit parameters for the three lowest minima shown in Figure 3 are shown here. ⋄ reached the upper limit. ∗ frozen
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Fig. 1.— The residuals of the data minus the model with error bars of size 1σ for several models applied to the NuSTAR spectra of
4U 1630−472 and rebinned for clarity. FPMA is in black and FPMB is in red. The reduced χ2 is shown in the top left of each panel. Top
panel: the initial disk plus a powerlaw continuum model. Second panel: the same model but with the best fit XSTAR photoionization
component added; there are still clear indications of the reflection component. Third panel: our best fit reflection model, but with no
absorption component. Bottom panel: our best fit model, including both disk reflection and ionized absorption.
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Fig. 2.— The goodness of fit in ∆χ2 for the black hole spin,
with the inner emissivity unconstrained (solid line), and the inner
emissivity limited following Steiner et al. (2012) below a∗ = 0.5
(dashed line). A high spin is clearly favored. The dotted lines
show the 90% (bottom) and 99% (top) confidence levels.
Fig. 3.— The goodness of fit in ∆χ2 for the ionization parameter of the photoionized absorber invoked for the absorption line at ∼7 keV.
Both densities of 1015cm−3 (solid) and 1012cm−3 (dashed) show several minima corresponding to associating the 7 keV feature with
different relative combinations of Fe XXV and Fe XXVI. The dotted lines show the 90% (bottom) and 99% (top) confidence levels.
